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ABSTRACT 


Expanding  missions  in  nuclear  explosion  monitoring  (NEM)  and  nuclear  security  have  highlighted  the  need  for 
high-resolution  ambient-temperature  gamma  detectors  that  can  provide  radionuclide-specific  monitoring  under 
demanding  field  conditions.  Recent  improvements  in  high-pressure  xenon  (HPXe)  detectors  indicate  that  this 
technology  has  potential  to  provide  rugged,  large  volume  ambient  temperature  gamma  detectors  with  adequate 
resolution  for  radionuclide  analysis  to  meet  needs  in  several  mission  areas. 

The  purpose  of  this  Phase  I  study  was  to  evaluate  the  feasibility  of  HPXe-based  monitoring  systems  for  meeting 
required  detection  sensitivity  limits  for  '""’Ba  for  specified  NEM  sampling  and  counting  conditions.  An 
HPXe  detector  was  selected  and  characterized  for  the  NEM  application.  A  series  of  experimental  measurements 
with  a  custom  NIST-traceable  9-radionuclide  source  were  conducted  to  define  the  energy,  efficiency  and  resolution 
performance  of  the  detector,  and  to  compare  the  performance  with  sodium  iodide  and  germanium  detectors. 

Monte  Carlo  (MCNP)  simulation  was  used  to  select  optimum  air  filter  geometries  (concentric  cylinder),  to  examine 
efficiency  improvements  for  aluminum  vs.  steel  detector  wall  material  (aluminum  -50%  more  efficient),  and  to 
estimate  optimum  shield  dimensions  for  an  HPXe  based  nuclear  explosion  monitor. 

MCNP  modeling  was  also  used  to  estimate  the  detection  sensitivity  of  the  HPXe  detector  for  the  nuclear  explosion 
fission  product  indicator, ’""’Ba.  Background  spectra  for  the  HPXe  detector  were  calculated  with  MCNP  by  using 
input  activity  levels  as  measured  in  routine  NEM  runs  at  Pacific  Northwest  National  Laboratory  (PNNL).  Analysis 
of  the  composite  spectra  indicates  that  the  required  detection  sensitivity  for  ’"”’Ba  can  likely  be  met  using  the 
537  keV  gamma  peak  in  the  composite  spectrum  of  the  HPXe  detector.  Based  on  the  Phase  I  project  results,  a  design 
concept  was  defined  for  a  NEM  Prototype  to  be  developed  in  the  Phase  II  program. 

HPXe  appears  to  be  a  candidate  for  applications  requiring  simple,  high  reliability  ambient  temperature  radionuclide 
measurement  systems  with  slightly  less  energy  resolution  capability  than  that  of  cooled  germanium  systems. 
Unfulfilled  applications  exist  now  for  these  performance  capabilities  in  nuclear  non-proliferation,  homeland 
security,  nuclear  site  cleanup,  nuclear  power,  and  portable  instruments  for  health  physics  needs. 
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OBJECTIVES 


The  overall  purpose  of  this  R&D  projeet  is  to  evaluate  potential  performanee  benefits  of  ambient-temperature 
HPXe  deteetors  for  applieations  in  the  NEM  program.  The  projeet  is  foeused  on  matehing  the  eapabilities  of 
HPXe  deteetor  systems  with  both  the  measurement  requirements  and  operational  eonsiderations  for  speeifie 
NEM  applieations. 

Speeifie  objeetives  of  Phase  I  projeet  were  as  follows: 

1 .  Identify  a  promising  HPXe  deteetor  for  NEM  applieation;  measure  the  basie  deteetor  parameters  to  provide 
data  for  ealeulations  of  performanee  and  deteetion  sensitivity  limits  for  speeifie  NEM  applieations. 

2.  Develop  and  verify  an  MCNP  model  for  HPXe-based  systems  that  ean  provide  quantitative  evaluation  of 
the  performanee  for  HPXe-based  systems  and  optimization  of  designs  for  speeifie  NEM  applieations. 

3.  Define  a  eoneeptual  design  for  an  HPXe-based  NEM  prototype  system  for  field  testing. 

RESEARCH  ACCOM?!  JSHED 
Background 

Radioisotope  identifieation  for  NEM  by  gamma  speetroseopy  requires  extremely  reliable  high-resolution  and 
high-effieieney  gamma  deteetors.  Although  high  purity  germanium  (HPGe)  deteetors  now  represent  the  energy 
resolution  performanee  standard  for  laboratory  gamma  speetroseopy,  their  inherent  reliability  issues  and  requirement 
for  eryogenie  eooling  present  praetieal  operational  problems  in  applieations  for  field  or  remote  nuelear  seeurity 
monitoring.  The  final  summary  slide  of  a  reeent  seminar  (Aiken,  2007)  with  partieipation  by  eight  federal 
government  ageneies  with  nuelear  seeurity  missions  listed  the  first  priority  item  needed  for  improved  nuelear 
deteetion  and  response  eapability  as:  “New  deteetor  materials  to  provide  high  resolution  ambient  temperature 
operation.” 

A  brief  summary  of  the  eurrent  status  of  germanium  deteetors  and  of  eandidates  for  non-eooled  deteetors  for 
radionuelide  speeifie  nuelear  seeurity  applieations  is  shown  in  Table  1 .  The  two  alternate  teehnologies  that  appear  to 
hold  the  most  immediate  potential  for  higher  resolution  ambient  temperature  deteetors  for  nuelear  seeurity  are 
La-halide  seintillation  erystals  and  high-pressure  xenon  ehambers. 

Table  1:  Candidate  Detector  Technologies  for  Nuclear  Explosion  Monitoring 


Detector 

Type 

Resolution 
at  662  keV 

Active 

Volume 

Stability 

Reliability 

Practical  Limitations 

HPGe 

0.2-0.5  % 

moderate 

Exeellent 

Moderate 

Need  for  eryogenie  eooling  &  vaeuum, 
meehanieal  ruggedness,  size  limit,  eost 

HPXe 

1. 7-2.4% 

Exeellent 

Exeellent 

Exeellent 

Low  density,  less  high  energy 
effieieney,  eost,  evolving  teehnology 

CdZnTe 

2-3  % 

Poor 

Poor 

Moderate 

Very  small  size,  poor  long-term 
stability,  eost,  evolving  teehnology 

La-Halides 

2.5-4  % 

Moderate 

Moderate 

Unknown 

Temperature  dependent  output,  natural 
radioaetivity,  eost,  evolving  teehnology 

Nal 

7-9  % 

Exeellent 

Moderate 

Exeellent 

Insuffieient  resolution,  drift,  erystal 
fraeture 

The  goals  of  this  R&D  projeet  are  to  evaluate  HPXe  deteetor  performanee  as  applied  to  improvements  in  nuelear 
explosion  monitoring,  and  to  develop  and  test  a  prototype  system  that  will  allow  prompt  field  evaluation  of 
promising  NEM  applieations.  This  paper  deseribes  the  Phase  I  effort  eonsisting  of  seleetion  and  eharaeterization  of 
HPXe  deteetors  for  NEM  applieations,  and  of  eoneeptual  design  of  a  NEM  system  prototype  unit  to  be  developed  in 
the  Phase  II  projeet. 
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The  first  activity  of  the  Phase  I  project  was  selection  of  an  HPXe  detector  suited  for  NEM  applications  and 
characterization  of  the  detector  performance  by  experimental  measurements  and  MCNP5  simulations.  Detection 
sensitivity  for  an  HPXe -based  NEM  system  was  then  estimated  by  combining  the  performance  characterization  data 
with  the  reported  background  data  from  field  operation  of  radionuclide  aerosol  sampler  analyzer  (RASA)  systems. 
Design  concepts  for  the  NEM  prototype  unit  to  be  built  in  the  Phase  II  effort  were  then  defined  based  on  the 
Phase  I  results. 

Detector  Selection  and  Characterization 

Detector  Selection  -  The  primary  performance  benchmarks  for  the  HPXe -based  NEM  are  the  specifications  of  the 
National  Aeronautics  and  Space  Administration  solicitation  and  of  the  International  Monitoring  System  (IMS) 
requirements  for  certification.  As  reported  in  the  literature,  the  IMS  required  detection  sensitivity  specification  is 
met  by  both  the  PNNL  RASA  system  with  a  90%  HPGe  detector  (Miley,  1998)  and  by  the  EML  AUTORAMP 
system  with  a  30%  HPGe  detector  (Tanner,  1977).  The  active  volume  of  a  germanium  detector  of  90%  relative 
efficiency  is  about  350  cc. 

The  density  of  germanium  (5.3  g/cc)  is  about  13  times  greater  that  of  xenon  as  compressed  to  0.4  g/cc  in  the 
HPXe  detector.  However,  the  photopeak  efficiency  per  unit  volume  is  much  closer  for  the  two  materials,  since 
photoelectric  cross  section  in  the  energy  range  below  600  keV  is  proportional  to  between  Z"*  and  Z^.  Thus,  the 
photoelectric  cross  section  of  xenon  (Z=54)  is  about  8-14  times  greater  than  for  gemianium  (Z=32)  over  the 
100-600  keV  energy  range  of  interest  for  detection  and  quantification  of  '"''’Ba. 

In  view  of  the  atomic  number  and  density  differences  between  HPXe  detectors  and  germanium  detectors,  a  Frisch- 
grid  HPXe  detector  of  active  dimensions  1 1.4  cm  diameter  by  20.3  cm  length  (4.5  in.  diameter  X  8  in.  length)  and 
2.4%  full  width  at  half  maximum  (FWHM)  resolution  at  662  keV  was  selected  for  testing  as  a  candidate  to  meet  the 
IMS  sensitivity  spec.  The  test  HPXe  detector,  shown  in  Figure  1,  has  an  active  volume  of  more  than  1900  cc,  or 
more  than  5  times  that  of  the  90%  germanium  detector.  The  increased  diameter  and  length  for  this  HPXe  detector  as 
compared  to  the  90%  germanium  detector  also  allows  the  use  of  a  single  filter  of  large  area  for  NEM  monitor 
applications. 


Figure  1  HPXe  Test  Detector  (Front)  during  Test  Series  at  UC-Irvine 


Detector  Characterization  -  Authoritative  energy  and  efficiency  calibration  data  were  obtained  for  the  selected 
HPXe  detector  by  obtaining  measured  spectra  using  a  custom  9-radionuclide  point  source  with  NIST  traceability. 
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All  counting  experiments  were  performed  at  the  University  of  California  -Irvine  research  reactor  facility  using 
commercial  radionuclide  sources  and  special  sources  prepared  by  reactor  irradiations.  The  calibration  parameter 
measurements  were  made  with  the  point  source  positioned  at  25  cm  from  the  detector  axis  at  the  midpoint  of  the 
detector  length. 

The  energy  versus  channel  number  measurements  at  ten  energy  points  from  88  keV  to  1836  keV  were  fitted  with 
insignificant  residual  differences  to  a  linear  equation  for  energy  versus  channel  number  :  E  =  -7.596  +  1.013.  As 
expected,  the  energy  response  of  the  HPXe  detector  was  very  linear. 

FWHM  energy  resolution  measurements  were  also  made  for  the  HPXe  detector  at  energies  of  the  peaks  of  the 
9-radionuclide  calibration  source.  Energy  resolution  was  calculated  using  the  Gaussian  fitting  routine  of  the  Genie 
2000^'^  Gamma  Acquisition  and  Analysis  software.  The  resolution  equation  with  coefficients  fitted  to  the  measured 
resolution  of  the  HPXe  detector  (2.4%  FWHM  at  662  keV)  is  shown  in  Figure  2.  An  MCNP  calculated  case  for  a 
detector  with  the  same  dimensions  as  the  test  detector,  but  with  2.0%  resolution  at  662  keV  is  also  shown. 


Figure  2  HPXe  Test  Detector  Resolution  CaUhration 

The  9-radionuclide  source  was  then  used  to  measure  absolute  photopeak  efficiency  over  the  88-1836  keV  range  for 
the  HPXe  detector,  as  well  as  for  a  30%  germanium  detector  and  a  3X3  Nal  detector  in  the  same  geometry.  Figure  3 
shows  that  the  photopeak  efficiency  of  the  selected  HPXe  detector  (green  line/yellow  measured  points)  excels  below 
about  400keV  as  compared  to  the  30%  germanium  detector,  and  offers  similar  efficiency  as  that  of  the  germanium 
detector  above  400  keV.  As  compared  to  a  3X3  Nal  detector,  the  test  HPXe  detector  efficiency  is  greater  than  that  of 
a  3X3  Nal  detector  below  200keV,  but  significantly  less  at  all  energies  above  200  keV. 

Detector  Stability 

Detector  stability  with  respect  to  time  and  temperature  is  a  very  important  consideration  for  nuclear  monitoring  at 
remote  stations  and  for  field  measurements  with  portable  radionuclide  measurement  systems.  Spectra  with  gain  shift 
due  to  drift  with  time  or  temperature  are  much  more  likely  to  result  in  incorrect  identification  of  radionuclides, 
particularly  if  the  spectra  are  transmitted  to  central  stations  for  analysis. 

Measurements  previously  reported  by  one  of  the  investigators  confinried  that  the  gain  and  temperature  stability  of 
HPXe  detectors  is  excellent  (Beyerle,  2005).  Time  variance  of  the  gain  was  measured  to  be  less  than  +  0.02%  per 
week.  The  temperature  stability  of  the  HPXe  detector  was  measured  to  be  about  +  0.2%  over  the  extended  range  of 
25°C-80°C  (77°F-176°F).  Temperature  stability  is  important  for  applications  such  as  outdoor  air  monitoring  or 
vehicle  portal  monitoring  systems  where  the  detector  temperature  may  change  significantly  on  a  daily  and  seasonal 
basis. 
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Energy  (keV) 


Fignre  3  Efficiency  Comparison  of  HPXe,  Nal  and  HPGe 
Monte  Carlo  Simnlations 

Because  Monte  Carlo  simulations  with  MCNP5  were  used  to  predict  HPXe  detector  performance  not  conveniently 
confirmed  by  direct  measurements  in  the  Phase  I  project,  the  ability  of  the  MCNP  simulations  to  accurately  predict 
HPXe  performance  was  experimentally  confirmed.  Individual  HPXe  spectra  were  obtained  with  commercial  sources 
of  ^^Co  (122.1  keV)  and  '^^Cs  (662  keV),  and  with  custom  short  lived  sources  of  '^*1  (442.9  keV),  ^"^Cu  (511  keV), 
'^’Ar  (1293.5  keV)  and  ^*A1  (1779.0  keV)  prepared  and  counted  at  the  UC-Irvine  research  reactor. 

Figure  4  shows  comparisons  over  two  energy  ranges  of  experimentally  measured  spectra  and  MCNP  spectra  corrected 
to  give  the  2.4  %  FWHM  resolution  of  the  test  HPXe  detector.  Note  that  all  basic  features  of  the  photopeak,  Compton 
edge,  back  scatter  edge,  escape  peaks,  and  x-ray  emissions  and  edges  that  appear  in  the  measured  spectrum  are  also 
apparent  in  the  MCNP  simulation. 


Figure  4  Comparison  of  Measured  and  MCNP5  Single  Line  Spectra  for  HPXe 
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The  experimental  deteetor  runs  were  made  with  an  unshielded  deteetor,  thus  giving  a  mueh  larger  baekground 
eontinuum  over  the  low  energy  range  than  did  the  MCNP  simulated  speetra  that  did  not  inelude  baekground 
eomponents.  A  rudimentary  shield  of  lead  pieees  was  eonstrueted  around  the  HPXe  deteetor  for  an  experimental 
baekground  measurement.  The  integrated  eount  of  the  baekground  over  the  energy  range  of  lOOkeV  -1000  keV  for 
shielded  versus  unshielded  showed  a  reduetion  by  a  faetor  of  more  than  14  in  gross  baekground  eounts.  The  eustom 
designed  deteetor,  eleetronies  and  shield  of  the  Phase  II  program  will  signifieantly  reduee  the  baekground,  and  are 
expeeted  to  bring  the  MCNP  simulation  and  observed  performanee  into  elose  quantitative  agreement. 

Onee  the  general  eredibility  and  bounds  of  applieability  of  the  MCNP  model  were  established  during  Phase  I,  the  model 
was  used  to  resolve  questions  and  to  guide  the  development  effort  in  several  areas: 

•  A  souree  sample  geometry  of  a  eoneentrie  eylindrieal  filter  was  modeled  in  MCNP  with  a  9-radionuehde  mix 
evenly  distributed  over  the  eylindrieal  shell  to  provide  energy-dependent  effieieney  eoeffieients  for  the  antieipated 
eoneentrie  eylindrieal  filter  geometry  of  the  NEM  prototype  system. 

•  MCNP  simulated  baekground  speetra  were  generated  for  the  HPXe  deteetor  and  souree  geometry  as  expeeted 
from  baekground  eomponents  eolleeted  during  a  typieal  24  hour  NEM  sampling  period.  The  input  souree  term  for 
the  MCNP  runs  was  taken  from  eoneentration  levels  provided  by  PNNL  from  routine  sampling  runs  with  the  RASA 
system. 

•  The  effeet  of  xenon  gas  pressure  (xenon  density)  on  deteetor  performanee  was  evaluated  as  a  means  to  quantify 
the  effeet  of  xenon  density  on  both  the  effieieney  and  peak-Compton  ratio  for  a  fixed  deteetor  volume. 

•  The  effeet  of  the  thiekness  of  the  steel  wall  of  the  HPXe  deteetor  was  evaluated,  as  was  the  improvement  in 
effieieney  by  eonstrueting  the  deteetor  wall  of  aluminum  rather  than  steel.  The  MCNP  results  prediet  that  aluminum 
gives  an  effieieney  improvement  for  this  deteetor  of  about  50%  at  122  keV,  deelining  to  about  a  10%  improvement 
at  1836  keV. 

•  An  MCNP  model  of  a  5  em  thiek  lead  shield  elosely  spaeed  around  the  eylindrieal  sample  was  used  to  prediet 
the  amount  of  baekseatter  and  pair  produetion  in  the  shield  volume  from  the  known  aerosol  baekground  eomponents 
in  the  filter  and  to  ensure  that  they  would  not  eause  interferenee  at  erueial  points  of  the  gamma  speetrum.  This 
model  will  be  used  to  evaluate  the  benefit  of  a  eopper  liner  on  the  inside  wall  of  the  shield  for  the  NEM  Prototype 
system  of  Phase  II. 

Estimating  HPXe  Performance  for  NEM  Applications 

The  seeond  major  objeetive  of  Phase  1  was  to  estimate  the  performanee  of  HPXe  deteetors  for  the  radionuelide  mix 
of  the  Comprehensive  Nuelear-Test-Ban  Treaty-IMS  applieation  as  defined  by  previous  RASA/Automated 
Radioxenon  Sampler/ Analyzer  (ARSA)  work.  In  the  absenee  of  an  air  sample  eolleetion  system  and  an  effeetive 
shield  for  the  HPXe  test  for  the  Phase  I  effort,  field  data  from  the  RASA  program  provided  by  PNNL  were  used  to 
estimate  system  baekground  and  interferenee  under  typieal  IMS  sampling  eonditions. 

Performanee  targets  for  NEM  radionuelide  measurement  systems  were  taken  from  two  sourees:  the  NNSA 
speeifieation  of  the  solieitation,  and  the  IMS  speeifieation  for  radionuelide  monitoring  systems  for  eertified  IMS 
monitoring  stations.  The  nominal  IMS  eolleetion/eounting  eyele  is  a  24  hour  eolleetion  period,  a  24-hour  delay  for 
deeay  of  natural  baekground  eomponents  on  the  filter,  and  a  24  hour  eounting  time. 

For  IMS  eertifieation,  NEM  radionuelide  measurement  systems  are  required  to  have  a  deteetion  sensitivity 
of  <  30  |lBq/m^  of  *^®Ba  for  the  nominal  eounting  eyele  with  eolleetion  of  a  12,000m^  sample  on  the  filter.  The 
NNSA  solieitation  for  this  topie  area  stated  a  slightly  different  requirement  of  20  jlBq/m^  of  '‘**’Ba  in  air  for  a 
25,000  m^  sample  eolleeted  during  the  24  hour  sampling  period.  The  two  speeifieations  are  similar  in  the  required 
deteetor  performanee,  with  the  IMS  speeifieation  requiring  slightly  better  deteetor  performanee  than  the 
NNSA  requirement. 

Estimating  eounts  were  reeorded  in  HPXe  speetra  for  various  eoneentrations  of  '"''’Ba.  The  five  gamma  energy 
emissions  from  '"'^Ba  that  have  greater  than  1%  relative  abundanee  are  listed  in  Table  2.  MCNP  runs  were  made  with 
input  parameters  eorresponding  to  the  seleeted  HPXe  deteetor  with  ’"^°Ba  distributed  randomly  on  a  eoneentrie 
eylindrieal  filter  souree  of  15.2  em  diameter  by  20.3  em  length  (6  in.  diameter  by  8  in.  length).  The  IMS  eyele  of 
24-hour  eolleetion,  24-hour  deeay,  and  24-hour  eount  time  was  applied  for  four  eases  of  airborne  *‘'°Ba  eoneentrations 
and  total  volumes  of  air  sampled  through  a  used  filter.  (A  “used”  filter  is  defined  as  a  filter  eontaining  the  airborne 
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particulates  routinely  collected  by  sampling  the  specified  total  volume  of  air  at  the  required  collection  efficiency,  but 
not  containing  fresh  fission  products  from  a  nuclear  explosion.) 

Table  2  MCNP  Calculated  Net  Counts  for  Four  Test  Cases 


Decay  Data 

Counts  in  peaks  for  4  Sample  Cases 

EY(keV)  f 

or 

Lines  of  < 
1%  ly 

Iy(%) 

20uBq/m3 
12,000  m3 

30uBq/m3 
12,000  m3 

20uBq/m3 
25,000  m3 

30uBq/m3 
25,000  m3 

162.66 

6.2 

1498 

2110 

3340 

5028 

304.85 

4.3 

537 

768 

1154 

1761 

423.73 

3.2 

186 

274 

457 

600 

437.58 

1.9 

145 

205 

305 

399 

537.26 

24.4 

947 

1379 

2068 

3065 

Estimating  Spectrum  Baseline  and  Interference  under  NEM  System  Conditions  -  An  analysis  of  data  from  the 
RASA  and  ARSA  programs  shows  that  the  major  contributors  to  the  natural  gamma  spectrum  baseline  for  a  “used” 
filter  are  ^Be,  ‘'‘’K,  ^'^Pb  /  ^'^Bi  /  ^°^T1  from  the  thorium  decay  series,  and  ^'“'Pb  /  ^'"'Bi  from  the  decay  series 
(Arthur  et  al.,  2001).  During  the  Phase  I  project,  PNNL  provided  used  RASA  filters  for  counting  on  the 
HPXe  detector,  but  the  delay  caused  by  logistics  of  handling  and  shipping  the  sample  caused  the  measurements  to  be 
unrepresentative  because  of  the  rapid  decay  of  the  major  natural  products  on  the  filter. 

An  analysis  of  PNNL  data  from  the  RASA  program  indicates  that  most  of  the  significant  gamma  peaks  and 
continuum  counts  in  a  spectrum  for  IMS  measurement  conditions  are  produced  by  the  gamma  emissions  from  the 
filter  as  shown  in  Table  3.  The  gamma  emission  rates  of  Table  3  were  used  as  input  source  terms  for  runs  with  the 
MCNP  model  for  the  concentric  filter  around  the  2.4%  HPXe  detector. 

Table  3  Gamma  Emissions  from  Used  Filter  with  24  Hour  delay 


Gamma 

Energy 

(keV) 

Intensity 

% 

Gammas/ 

Second 

Radionuclide 

Source 

Gamma 

Energy 

(keV) 

Intensity 

% 

Gammas/ 

Second 

Radionuclide 

Source 

238.6 

43.3 

17.41 

Pb-212 

727.3 

6.58 

2.87 

Bi-212 

277.4 

6.13 

0.94 

Tl-208 

785.4 

1.102 

0.48 

Bi-212 

300.1 

3.28 

1.32 

Pb-212 

860.6 

12.42 

1.91 

Tl-208 

477.6 

10.52 

3.34 

Be-7 

1460.8 

11.00 

0.78 

K-40 

510.8 

22.6 

3.48 

Tl-208 

1620.5 

1.49 

0.65 

Bi-212 

583.2 

84.5 

13.01 

Tl-208 

2614.53 

99.0 

15.25 

Tl-208 

In  order  to  simulate  a  NEM  spectrum,  a  composite  spectrum  was  generated  by  a  channel-by-channel  summing  of 
counts  in  the  MCNP  generated  *"'°Ba  spectrum  with  counts  in  the  used  filter  spectrum  from  MCNP  runs  for  an 
assumed  HPXe  resolution  of  2.4%.  Figure  5  shows  both  the  baseline-only  spectrum  (blue  line)  from  used  filter 
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background  activity,  and  the  composite  spectrum  of  the  sum  of  used  fdter  and  '""^Ba  counts  (red  line)  for  the 
NNSA  and  IMS  specification  for  NEM  systems.  The  '"'°Ba  peaks  at  305,  424  and  438  keV  have  low  intensity  and 
interferences  that  would  prevent  their  use  for  *"'°Ba  quantification.  The  163  and  537  keV  peaks  appear  to  be  viable 
candidates  for  '"''’Ba  analysis. 

The  163  peak  will  generate  the  most  counts  because  of  the  very  high  efficiency  of  the  HPXe  detector  in  the 
100-200keV  range.  Although  the  MCNP  calculated  baseline  is  fairly  low  in  this  energy  region,  the  actual  baseline 
will  be  larger  than  shown  because  of  counts  from  low  energy  background  sources  not  included  in  the  input  source 
data  for  the  MCNP  model. 


The  537  keV  peak  has  very  good  potential  to  provide  quantitative  results  for  the  stated  ’"^°Ba  concentrations  and 
sampling  conditions  with  the  2.4%  FWHM  HPXe  detector.  The  537  peak  of  *"*°Ba  overlaps  the  511  peak  and  x-ray 
escape  peak  of  the  583  line,  but  the  multiplet  resolution  routines  of  commercial  analysis  software  package  could 
readily  extract  a  quantitative  number  from  the  data  shown.  Since  the  energies  of  the  *"*°Ba  and  ^’’^Tl  peaks  are 
known,  a  deconvolution  algorithm  based  on  fitting  the  three  Gaussian  peaks  to  the  known  energies  should  give  even 
better  quantitative  results  for  '"'°Ba. 


Figure  5  HPXe  (2.4%  FWHM)  Spectra  for  NNSA  and  IMS  Specifications 

One  of  the  first  tasks  of  the  Phase  II  program  is  to  produce  an  HPXe  detector  with  the  same  active  volume 
dimensions  as  the  test  HPXe  detector  of  Phase  I,  but  with  energy  resolution  of  <  2.0%  FWHM  at  662  keV.  A 
smaller  HPXe  detector  is  routinely  produced  with  <  1.7%  FWHM  resolution,  thus,  production  of  the 
2.0%  detector  for  the  NEM  application  is  expected  to  be  a  straightforward  engineering  development  effort.  The 
theoretical  resolution  limit  for  HPXe  detectors  is  less  than  1%. 
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20tnBq/m3  Ba-140,  25,000m3  (NNSASpec) 


Energy  (keV) 


30mBq/m3  Ba-140,  12,000m3  (IMS  Spec) 


Energy  (keV) 


Fignre  7  HPXe  (2.0%  FWHM)  Spectra  for  NNSA  and  IMS  Specifications 

Figure  7  shows  the  calculated  spectra  for  the  NNSA  and  IMS  standard  conditions  with  an  HPXe  detector  of 
2.0%  resolution.  The  537  keV  '"‘“Ba  line  is  now  clearly  resolved  from  the  ^°*T1  peak  at  51 1  keV  and  the  x-ray 
escape  peak  of  the  538  keV  gamma  emission  of  ^°®T1. 

Estimating  Detection  Sensitivity  -  Because  the  background  from  the  filter  could  not  be  experimentally 
measured  on  an  HPXe  detector  during  the  Phase  I  program,  the  calculation  of  the  lower  detection  limit  for 
*"*°Ba  for  a  HPXe -based  NEM  system  is  subject  to  large  uncertainties  with  the  present  information.  However,  a 
preliminary  estimate  of  detection  sensitivity  was  made  using  the  Currie  methods  (Currie,  1984)  for  calculating 
concentration  detection  limits  at  95%  confidence  levels  for  gamma  spectra.  Input  parameters  used  were  the 
calculated  absolute  efficiency  of  0.015  at  537  keV  for  the  concentric  cylindrical  filter,  and  baseline  count  data 
in  a  13keV  window  under  the  537  keV  peak  as  shown  in  Figure  7.  Using  the  IMS  conditions  of  a 
12,000m^  sample,  a  24  hour  decay  time  and  a  24-hour  counting  time,  the  calculated  critical  count  level  is 
173  counts,  and  the  concentration  detection  limit  for  '""’Ba  is  1 1.2  pBq/m^  for  a  2.0%  FWHM  HPXe  detector  of 
the  dimensions  of  the  test  detector.  (The  IMS  spec  is  <  30  pBq/m^.) 

Again,  the  MDC  calculation  has  a  very  large  uncertainty  at  this  stage  of  the  project  for  the  reasons  mentioned. 

A  series  of  bench  test  measurements  with  shielded  HPXe  detectors  and  freshly  collected  filter  samples  will  be 
perfomied  early  in  the  Phase  II  program  to  provide  the  data  required  to  calculate  an  authoritative  MDC  for  the 
HPXe  NEM  Prototype  system. 

Conceptual  Design  for  the  NEM  Prototype  System 

A  third  goal  of  the  Phase  I  program  was  to  develop  a  conceptual  design  for  a  Phase  II  explosion  monitor  prototype 
that  best  meets  the  specifications  and  intent  of  the  SBIR  subtopic. 

An  extensive  base  of  practical  information  was  made  available  to  investigators  by  the  developers  of  the  two  U.S. 
HPGe-based  NEM  systems  that  have  demonstrated  the  ability  to  meet  the  IMS  specification.  The  Investigators  were 
given  hosted  visits  to  PNNL  in  Richland  Washington  to  review  an  operating  RASA  monitor,  and  to  DHS-EML  in 
New  York  City  to  review  an  operating  AUTORAMP  NEM  monitor. 

The  preliminary  concept  for  the  NEM  Prototype  system  to  be  designed  and  constructed  during  the  Phase  II  effort  is 
as  follows: 

Detector — For  improved  resolution  and  mggedness,  the  NEM  HPXe  detector  will  be  a  gridless  design  which  is 
expected  to  give  a  FWHM  resolution  of  <  2.0%  at  662  keV.  The  dimensions  and  active  detector  volume  of  the 
NEM  Prototype  detector  will  be  the  same  as  for  the  Phase  I  test  HPXe  detector,  but  the  detector  package  size  will  be 
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minimized  by  separating  the  high  voltage  power  supply  and  a  portion  of  the  signal  proeessing  eleetronies  from  the 
deteetor  paekage. 

Filter — eylindrieal  pleated  fdter  eartridge  of  about  14  em  (  5.5  in.)  I.D.  by  20.3  em  (Sin.)  length,  with  a  nominal 
2.5  em  (1.0  in.)  thiekness  will  be  used  in  the  FlPXe -based  prototype  system.  Based  on  the  AUTORAMP  pleated 
fdter  area  multiplieation  faetor  of  more  than  2.5,  the  effeetive  filter  area  for  the  eartridge  is  about 
2430  em^  (377  in^).  The  eartridge  filter  eoneept  has  proven  to  be  both  effeetive  and  highly  reliable  for  automated 
sample  ehanging  during  field  operation  of  the  AUTORAMP  system. 

Air  Sampling  System — Air  flow  for  the  air  sampling  system  will  be  provided  by  a  eentrifugal  blower  unit  that  draws 
outside  air  through  the  filter  ehamber.  A  eommereially  available  integral  blower  and  motor  unit  with  eontinuous 
duty  eyele  rating  will  be  purehased  that  provides  the  12,000  flow  rate  required  by  the  IMS  speeifieation.  A 
blower/motor  unit  similar  to  the  units  used  in  either  the  RASA  or  AUTORAMP  systems  would  provide  the  required 
airflow  performanee. 

Shield — A  eustom  lead  shield  will  be  designed  to  provide  a  minimum  of  2”  thiekness  of  lead.  The  shield  will  be  a 
vertieal  eylindrieal  design  with  a  split  top  lid  that  ean  be  opened  and  elosed  under  eomputer  eontrol  for  automated 
fdter  eartridge  insertion  and  removal. 

System  Computer  and  Control  Software — The  NEM  Prototype  system  will  use  an  industrial  grade  PC  with  a  master 
eontrol  program  to  eontrol  operations,  provide  data  aequisition,  analysis,  arehiving,  reporting,  diagnosties  and 
eommunieations.  The  master  eontrol  program  will  be  defined  and  developed  internally  as  one  of  the  major  tasks  of 
the  Phase  II  program,  and  will  integrate  eommereial  off-the-shelf  software  for  speetrum  analysis  and  auxiliary 
funetions  where  possible  to  minimize  the  extent  of  development  of  new  eomputer  eode. 

Automatie  Filter  Cartridge  Sample  Changer — Sinee  an  automatie  sample  ehanger  is  not  required  to  evaluate  the 
deteetion  sensitivity  performanee  of  the  prototype  unit,  a  sample  ehanger  will  not  be  ineorporated  into  the  initial 
NEM  Prototype  unit.  Provisions  for  adding  the  sample  ehanging  meehanism  and  software  at  a  later  time  will  be 
designed  into  the  initial  unit  based  on  the  requirements  of  the  first  field  applieation  for  the  NEM  Prototype  unit. 
Commereial  robotie  XYZ  systems  of  the  type  used  in  the  AUTORAMP  system  are  available  with  eontrol  software 
paekages  that  are  eompatible  with  operation  by  the  master  eontrol  program  software  of  the  NEM  Prototype. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  Phase  I  experimental  measurements  and  MCNP  simulations  based  on  previous  RASA  experienees  indieate 
that  a  NEM  system  based  on  the  seleeted  2.4  %  resolution  HPXe  deteetor  will  likely  meet  IMS  and 
NNSA  speeifieations.  Speetra  generated  and  ealeulated  using  MCNP5  for  and  filter  baseline  show 
suffieient  eounts  for  the  537  keV  peak  to  allow  *‘'°Ba  to  be  deteeted  and  quantified  at  meaningful  levels  for 
NEM  applieations. 

The  MCNP  simulations  also  indieate  that  further  improvements  in  deteetion  sensitivity  provided  by  ehanging 
to  a  gridless  deteetor  design  with  <  2.0%  energy  resolution  will  further  enhanee  the  deteetion  sensitivity  for 
NEM  applieations.  A  Phase  II  proposal  has  been  submitted  with  detailed  goals,  work  plans  and  sehedules  for 
development  and  testing  of  a  reeommended  HPXe-based  NEM  Prototype  system. 

During  the  review  of  aetivities  in  the  nuelear  non-proliferation  area,  it  beeame  apparent  that  the  NEM  program  also 
has  an  aetive  need  for  versatile  field  measurement  systems  for  site  inspeetion  and  follow  up  of  suspeet  events. 
NNSA’s  need  for  high  resolution  ambient  temperature  portable  and  transportable  nuelear  measurement  systems  is 
shared  by  several  other  US  ageneies  and  international  groups  with  nuelear  seeurity  missions.  The  rugged,  stable 
HPXe  deteetor  appears  to  have  strong  potential  to  provide  praetieal  solutions  for  many  of  these  unfulfilled 
measurement  needs. 

ACKNOWLEDGEMENTS 

The  Investigators  for  the  Phase  I  projeet  reeeived  eooperation  and  teehnieal  assistanee  both  from  the  DOE  PNNL 
RASA/ARSA  teehnieal  staff,  and  from  the  DHS  Environmental  Measurements  Laboratory  and  retired  EML  staff 
member,  Cohn  G.  Sanderson. 


796 


29th  Monitoring  Research  Review:  Gronnd-Based  Nnclear  Explosion  Monitoring  Technologies 


REFERENCES 

Aiken,  S.  C.  (2007).Health  Physics  Aspects  of  Homeland  Security,  Proceedings  of  the  11*  Annual  Savannah  River 
Chapter  HPS  Technical  Seminar. 

Arthur,  R.  J.,  T.  Bowyer,  J.  Hayes,  T.  Heimbigner,  J.  McIntyre,  H.  Miley,  and  M.  Panisko  (2001).  Radionuclide 
measurements  for  nuclear  explosion  monitoring,  in  Proceedings  of  23’^‘‘  Seismic  Research  Review:  Worldwide 
Monitoring  of  Nuclear  Explosions,  LA-UR-0 1-4454,  Vol.  2,  pp.  57-63. 

Beyerle,  A.  G.  (2005).  Stability  of  high-pressure  xenon  gamma-ray  spectrometers,  'm  Proceedings  of  Hard  X-ray 
and  Gamma-Ray  Detector  Physics  VII,  International  Society  for  Optical  Engineering.  Vol.  5,  pp.  922-928. 

Currie,  L.  A.  (1984).  Lower  Limit  of  Detection:  Definition  and  Elaboration  of  a  Proposed  Position  for  Radiological 
Effluent  and  Environmental  Measurements,  USNRC  NUREG/CR-4007,  p.l33. 

Lanner,  N.,  C.G.  Sanderson,  V.C.  Negro,  S.Wurms,  and  N.Shiu,  (1997).  AUTORAMP — An  Automatic  Unit  for 
Unattended  Aerosol  Collection,  Gamma-Ray  Analysis  and  Data  Transmission  from  Remote  Locations, 
Radioactivity  and  Radiochemistry  8:  (3),  25-30. 

Miley,  H.  S.,  S.  M.  Bower,  C.  W.  Hubbard,  A.  D.  McKinnon,  R.  W.  Perkins,  R.  C.  Thompson,  and  R.  A.  Warner 
(1998).  A  description  of  the  DOE  Radionuclide  Aerosol  Sampler/Analyzer  for  the  Comprehensive  Test  Ban 
Treaty,  J.  Radioanal.  Nucl.  Chem.  235:  (1-2),  83-87. 


797 


